Abstract. To establish a simple definition of a malaria attack based on blood parasite density and other explanatory covariates, a cohort study was conducted from 1993 to 1996 in the Madagascar highlands undergoing a low seasonal transmission of falciparum malaria. Using logistic regression, the explanatory variables found to be significantly related to the risk of fever are parasite density, age, season, and year. However, and in contrast with other studies, we found no evidence of a clear cutoff in parasite density values consistent with the concept of "pyrogenic threshold" despite a gradual increase of the risk of fever with increasing parasite density. Furthermore, the model evidenced an individualdependent relationship at a given age. This point was in accordance with the immunological data recorded from the participants. The investigators conclude that the parasite density to distinguish malaria attacks from other causes of fever is not reliable in a context of low falciparum transmission.
INTRODUCTION
From 1986 to 1990 the Madagascar highlands underwent an epidemic of falciparum malaria, which caused the deaths of about 30,000 to 40,000 inhabitants. Later on, despite a considerable decrease in transmission, many febrile episodes are diagnosed as malaria attacks on a clinical basis only, so that the true part of malaria in public health remains unclear. Searching for Plasmodium falciparum in blood would be a more effective diagnosis tool, but even when having the parasite count, can we really establish a reliable diagnosis of malaria attack? In this area subject to low seasonal transmission, asymptomatic parasitemia is not uncommon and, conversely, a positive slide does not prove a diagnosis of malaria attack in febrile individuals.
As a part of the Ankazobe Project, consisting of a longitudinal survey of a community in the Madagascar highlands intended to characterize the malaria attack in a low transmission area and to study the development of immunity among inhabitants submitted to a low inoculation rate of parasites, this study attempted to propose an operational definition of clinical malaria fit for use at the community level. This definition should take into account several covariates in addition to the value of parasite density (e.g., age, season). One of the issues is the assessment of the relevance of the concept of "pyrogenic threshold," which has been explored by several studies, most of them having been conducted in hightransmission areas. It is a question of whether or not the pyrogenic threshold could be consistent with the immunity developed by humans suffering a low seasonal transmission.
POPULATION AND METHODS
Study site and population. The village of Ankazobe is located 90 km north of Antananarivo at an altitude of 1,100 m. It has a tropical highland climate. The patterns of malaria transmission in Ankazobe are described elsewhere (Jambou and others, unpublished data). Most of the infections are related to Plasmodium falciparum, and infections not involving this species represent less than 10% (8.7% during the survey). The malaria morbidity and the presence of Anopheles occur mainly from December to June, predominating in MarchApril; however, during winter, a very low level of transmission still occurs. Anopheles funestus have been present in Ankazobe since the 1960s and assume the major part of the transmission (3.8 bites/human/night in March) but Anopheles arabiensis is present at the beginning of the season. A. funestus is associated with the rice fields, and the distance between the fields and the houses is a major risk factor of contamination. The transmission of malaria decreased from 1993 to 1996 in Ankazobe.
Follow-up. Participants were volunteers from five districts of the village. The follow-up was performed by experienced members from the study staff and included both monthly systematic examinations at home and examination of individuals attending the village health center for febrile illnesses. In the two situations, clinical data were recorded, including spleen size using Hackett's classification. The body temperature was measured using electronic digital thermometers ringing after 3 minutes. Fever was defined by an axillary temperature exceeding 37.5°C. At the health center, all diseases were registered and treated. For all participants, regardless of body temperature, smears were prepared by finger pricking.
Three times a week, investigators visited participants' households to detect sick patients not presenting at the health center. Because of specific patterns of malaria during pregnancy, observations from pregnant women were excluded from analysis. Also, further observations from individuals found to have a parasitemia were excluded 10 days after the date of the positive blood smear.
Laboratory methods. To assess parasitemia, both thick and thin blood films were taken on the same slide from each individual by finger pricking. Slides were first examined in the field by an experienced physician after staining, but all results were then validated at the reference laboratory. Initially, the thin blood film was screened by observation of 100 fields, each representing about 200 erythrocytes, and the result was then adjusted to 5 million erythrocytes per one microliter (according to the results of routine examinations in the Centre de Biologie Clinique of the Institut Pasteur de Madagascar) to obtain the parasite count. In case of negative thin film, the parasite: leukocyte ratio was measured on the observation of 1,000 leukocytes in the thick blood film, and a leukocyte count of 8000/L was considered as a representative standard value allowing calculation of the parasite count. Observations involving only nonfalciparum plasmodiums were excluded.
Data analysis. The P. falciparum attributable fraction of fevers (i.e., the proportion of all fevers that may be attributed to falciparum malaria, not adjusted for covariates) was estimated using the formula AF ‫ס‬ (pf − pa)/(1 − pa), where pf is the parasite prevalence (irrespective of parasite density) among febrile individuals and pa is the parasite prevalence among those without fever. 1, 2 The relationship between the risk of fever and explanatory variables thought to be potentially interesting was determined using a logistic regression method. First, we tested several models, including explanatory variables with each continuous variable entered either "as is" (without considering transformation) or after testing various transformations so as to choose the most relevant form. The variable "season" was expressed as a binary variable coding with 1 representing the months February to June and 0 representing the remaining months. The variable "year" with four categories was recoded in terms of three dummy variables. A backward stepwise procedure was used to identify the predictors of fever; removal testing was based on the probability of the likelihood ratio statistic. The goodness of fit of the ultimate model to the set of data was tested using Hosmer and Lemeshow's goodnessof-fit statistic. Because our data set included successive observations on the same individuals, we finally tested our ultimate model for random effects using logistic-binomial regression for distinguishable data (LBDD), which introduces an additional parameter , used to account for excess variation in the data. Second, to test for the existence of a pyrogenic threshold, we introduced in the models a binary variable coding of 0 when the observed parasite density was lower than the computed value of the threshold and 1 when higher, according to the method described by Rogier and others. 3 The hypothetical pyrogenic threshold was calculated either as a constant, age-independent value of parasite density or as a decreasing exponential fonction of age. Statistical analysis was performed using SPSS software 4 and EGRET. 5 
RESULTS
During the 4-year follow-up, 829 inhabitants (55.6% females) participated in the study and 14,580 valid observations were recorded: 3,259 in 1993, 3,998 in 1994, 3,335 in 1995, and 3,988 in 1996. The number of observations per individual ranged from 1 to a maximum of 61; 83% of individuals had five or more observations. Age at time of observation ranged from 0 to 95 years (25th percentile, 5.6; median, 14.3; 75th percentile, 31.0).
Overall, 2,615 fever episodes and 2,088 parasitemia were recorded; 949 cases had a fever and parasitemia simultaneously. Among the observed Plasmodium infections, 1,968 were single infections with P. falciparum, whereas 120 were mixed infections associating P. falciparum with P. malariae, P. ovale, and P. vivax in 6, 18, and 96 cases, respectively. Figure  1 visualizes the cumulative distribution of parasite densities according to the presence or the absence of fever. Among febrile individuals, the global slide positivity rate was 36.3%, showing only slight, nonsignificant changes according to age, whereas it was 9.5% in nonfebrile individuals, presenting a significant trend (P < 10 −5 ) to decrease with increasing age (Figure 2) . Figure 3 shows the distribution of parasite counts according to the presence or the absence of fever.
The crude estimation of the attributable fraction was 0.3.
The lowest value of AF was 0.25 in the 3-to 4-year age group, whereas the highest was 0.34 in the 25-to 39-year age group ( Figure 4) ; however, the difference between age groups was not significant. Using logistic regression analysis, the explanatory variables found to be significantly related to the risk of fever were parasite density, age, season, and year ( Table 1) . The most relevant transformations of continuous variables were the creation of four dummy variables coding for five categories of parasite density (0; 1-499; 500-4,999; 5,000-49,999; Ն 50,000) and the square root transformation of age. Because a significant interaction between age and parasite density was observed, it was included in the model. Neither spleen size nor gender was found to be significant predictors. Because the value of the goodness-of-fit chi-square (Hosmer and Lemeshow) was 13.9 with 8 degrees of freedom (ns), we concluded that the values predicted by the logistic model were not significantly different from the observed data.
When adding to our model a variable "pyrogenic threshold" coding 0/1, the model was not significantly improved compared with the previous models not including this variable.
LBDD demonstrated the existence of a significant individual random effect, confirmating that the data were not independent and identically distributed. Using the fitted value provided by the LBDD model, 654 of 2,615 febrile individuals (25.0%) were correctly predicted to have fever, whereas 11,596 of 11,965 afebrile individuals (96.9%) were correctly classified.
DISCUSSION
Since the 1960s, effective campaigns of indoor house spraying of DDT resulted in a very low level of malaria transmission in the Madagascar highlands. Several years of wavering of the control policy coincided with the onset of an epidemic during the 1980s. The epidemic was finished at the time of our survey and was followed by a rapid decrease in transmission. During the 4 years of the study, malaria was not the single cause of febrile illnesses, and because asymptomatic individuals with detectable parasitemia were common, we could not systematically consider fever episodes occurring in parasitemic individuals as malaria attacks.
Despite the current low level of transmission, the parasite density shows a downward trend with increasing age, either in febrile or in nonfebrile individuals, which is usually attributed to acquired antiparasite immunity. In the logistic regression model, the risk of fever decreases with age, but this direct effect of age is counterbalanced by a significant interaction between age and parasite density. So, even in an area undergoing a low level of transmission of P. falciparum, one can observe an age-dependent relationship between the parasite density and the occurrence of a fever episode, but this relationship is complex and involves covariates such as the season and the year. The influence of the season on this relationship has been described elsewhere in hyperendemic areas. 6, 7 It shows that immunity against P. falciparum originates in a precarious balance that may be swiftly influenced by slight changes in the level of transmission. Because the transmission was not stable during the study, the significant effect of year probably refers to the same phenomenon. The immunity against parasites was reported to be long-lasting, 8 and the observed changes in individual sensitivity could be related to a higher lability of the antidisease immunity, 9 which is supposed to be associated with immunoglobulin M. For a control program, these rapid changes in susceptibility represent an essential reason for closely monitoring the transmission to quickly identify any risk of a new epidemic. It is also an argument to consider in vector-control programs, because one can imagine that a large-scale use of impregnated bed nets in low-transmission areas could lead to a rapid increase in sensitivity to parasites.
Although the parasite count of 1 to 499 is associated with an odds ratio not different from 1, we cannot infer that a significant risk of fever appears only above 500 parasites because of the just-mentioned significant interaction between age and parasite density. When the average malaria transmission is as low as one or two infective bites/person/year, some individuals may have 1, 2, or more years without any contact with P. falciparum. Among individuals of a given age group, the level of immunity is more heterogeneous than in populations undergoing intense exposure, rendering impossible the identification of an age-dependent pyrogenic threshold of parasitemia representative of a population group. The significant individual effect evidenced by the LBDD confirms the heterogeneity of the level of protective immunity. Accordingly, in this low-transmission area, the problem of a simple definition of a malaria-attack based on the level of parasitemia remains unsolved. On the basis of our data, we should only propose a probabilistic process presenting only a slight operational interest so far as it cannot provide any concrete help to physicians faced with febrile patients or to epidemiologists aiming to assess the burden of malaria.
Even though a pyrogenic threshold would have been evidenced from our observations, we wonder whether it would be ethical to use it to manage febrile patients unless they are closely monitored by the health team. Under prevailing field conditions in many areas undergoing P. falciparum transmission, the capability of many small health facilities to provide reliable parasite counts is questionable. Without an effective treatment, falciparum malaria may have quick, unfavorable development. Febrile patients initially considered as not having a malaria attack, because of a parasite count lower than the threshold, should be monitored to ensure a chance of revising the diagnosis. We can doubt whether such a process is possible in many health facilities.
In the case of the Madagascar highlands, chloroquine is still now the first-line treatment of uncomplicated malaria attacks. Because of the low cost of this well-tolerated drug, it is permissible to treat as presumptive malaria cases all febrile patients having a parasitemia, whatever the parasite density may be.
In the absence of a practical diagnostic value of the parasite density, the main argument indicating a presumptive malaria attack remains the presence of P. falciparum on the blood smear irrespective of the parasite count. So, according to the difficulty of setting up laboratory capabilities in small health care facilities, the new perspectives in malaria diagnosis with rapid diagnostic tests using immunochromatographic methods, provided that their cost becomes compatible with health budgets, will simplify and improve the diagnostic practices in areas of low or moderate malaria transmission. 10 Alternatively, our observations present some similarity with those made by Bouvier and others, 6 who could not demonstrate a direct relation between parasite density and fever incidence, although their study had been conducted in an area subject to intense seasonal transmission. In contrast, Rogier and others 3 found, in the village of Dielmo undergoing high seasonal transmission, strong evidence for an age-dependent threshold effect of parasitemia on the occurrence of fever, allowing parasite density to be used easily to distinguish malaria attacks from other causes of fever. The latter study covered a single season of high transmission during which most of the febrile episodes are probably related to malaria. This was not the case in our 4-year follow-up analysis. However that may be, Delley and others 11 documented clearly the strong variations of parasite count within short periods of several hours, rendering the validity of a diagnosis of malaria attack based on the value of the parasite density questionable.
